Objective: Endogenous Cushing's syndrome (CS) is associated with bone loss and an increased risk of fractures. However, the long-term outcome of treatment on bone health has not been adequately clarified. Design: We followed 33 patients with active CS prospectively before and twice after treatment (mean follow-up 33 (n ¼ 25) and 71 months (n ¼ 18), respectively). The patients were compared to age-, sex-and body mass index (BMI)-matched controls, also followed longitudinally. Methods: Bone mineral indices (bone mineral density (BMD), bone mineral content (BMC) and bone area) were evaluated in the lumbar spine (LS), femoral neck (FN), and total body (TB) by dual-energy X-ray absorptiometry (DXA). Biochemical markers of bone turnover were assessed by serum levels of osteocalcin and C-terminal telopeptides of Type-1 collagen (CTX-1). Results: Mann -Whitney rank sum tests showed that BMD of the LS, FN and TB was reduced by 14.8% (P , 0.001), 15.7% (P , 0.001), and 9.2% (P , 0.001) in CS vs. controls at baseline, with markedly reduced serum osteocalcin (P ¼ 0.014) and increased CTX-1 (P ¼ 0.012) levels, but no correlation between markers. At first follow-up, BMD was increased in LS (7.9%, P , 0.001) and FN (3.5%, P ¼ 0.003) compared to baseline. The time-dependent rise in BMD (LS (r ¼ 0.59; P ¼ 0.002) and FN (r ¼ 0.52; P ¼ 0.007); Spearman's rank correlation), in CS was paralleled by increased osteocalcin (275%, P , 0.001) and correlation between biochemical markers (r ¼ 0.92, P , 0.001; Pearson's correlation). TB BMD did not increase significantly before the second follow-up, when BMD Z-scores were normalized in all three compartments. Conclusion: Our observations demonstrate restoration of coupled bone remodeling and normalization of bone mineral density in all measured skeletal compartments of treated CS patients after prolonged recovery, first significant in predominantly trabecular bone (i.e. lumbar spine).
Introduction
Glucocorticoid (GC)-induced bone loss is a frequent and serious complication in patients with endogenous Cushing's syndrome (CS) (1, (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) as well as in patients on GC therapy (12) , leading to an increased risk of low-energy fractures (8, 13 -15) . While patients receiving GC therapy usually suffer from a primary disease that may have negative influence on bone mass by itself, CS (i.e. hypercortisolism, caused by a tumor in the pituitary gland or in the adrenal cortex) is not associated with an underlying primary condition known to affect bone metabolism directly. Thus, CS is considered to be a useful clinical model to investigate the 'pure' effects of excess GC on bone metabolism, minimizing other confounding factors. Previous reports have provided evidence that bone loss due to hypercortisolism (exogenous or endogenous) is most pronounced in areas with trabecular bone such as the lumbar spine (predominantly trabecular bone) and femoral neck (FN) (less trabecular bone, more cortical bone) (1 -11, 16) . Accordingly, fracture risk appears to be highest in the vertebrae and ribs of these patients (8, 13, 14) . In contrast, the effect of GC on skeletal sites with predominantly cortical bone is less well-documented (5, 9, 16, 17) . Few reports have assessed restoration of bone mass after treatment of patients with active CS and there is a scarcity of long-term prospective studies (1, 3, 11, 18) , reflecting the low incidence of CS (1 -10 per million per year) (19) . Most previous studies have described partial restoration of bone mass after treatment (1, 3, 11) . However, little is known about the long-term outcome of bone health in CS, because most studies have re-evaluated the patients after a short (3 -6 months) or intermediate (12 -24 months) time of follow-up (3, 6, 11) . Moreover, it has not been established whether bone mass at skeletal sites with predominantly trabecular or cortical bone is affected differently by correction of hypercortisolism after successful surgical treatment.
The exact mechanism by which GC influences bone metabolism is still not completely understood (12) . While there is evidence that bone loss due to excess GC, at least in part, may be secondary to hypogonadism, decreased intestinal calcium absorption and renal calcium reabsorption, in addition to loss of muscle mass and strength, it is obvious that GCs have direct potent effects on bone cells. The skeletal effects of GC excess dominate over those of orchidectomy in mice, indicating that bone loss in this model occurs independently of changes in gonadal status (20) . A characteristic feature of GC-induced bone loss is a depression of bone turnover, which is likely to be related to reduced bone formation (3, 4, 9, 16, 21 -26) , although bone resorption has also been shown to be increased in some studies (27) . Accordingly, animal studies and in vitro experiments have shown that chronic GC administration decreases the birth rate and function of osteoblasts, increases apoptosis of mature osteoblasts and osteocytes (28, 29 -32) and stimulates and prolongs osteoclast formation, activity and survival (27, 33, 34) .
The aim of the present study was to evaluate longterm effects of successful surgical treatment on bone densitometric parameters and bone turnover in patients with CS. Patients were evaluated longitudinally over an interval of mean 71 months, and were also compared to a closely matched control group, also followed longitudinally. Moreover, bone mass and projected bone area was evaluated in different compartments in order to assess whether GCs exert differential effects at skeletal sites with predominantly cortical or trabecular bone. Finally, we estimated alterations in biochemical markers of bone turnover, to explore possible mechanisms involved in the pathogenesis of GCinduced bone loss in CS patients with active disease and during the recovery phase after cure.
Material and methods

Subjects
CS patients with pituitary adenoma (Cushing's disease) or adrenal cortex adenoma diagnosed in our center between 1994 and 1999 were consecutively recruited to this study, after giving signed informed consent (5, 16) . The study was approved by the local ethical committee and conducted according to the Declaration of Helsinki II.
All patients were diagnosed with CS based on a thorough clinical evaluation and biochemical work-up, as previously reported (5) . Prior to surgical treatment, a baseline population of 33 CS patients (24 women, 9 men) was systematically evaluated and matched with 33 healthy controls. Of these, 25 patients (17 women, 8 men) were followed longitudinally for a mean of 33 months (range 5-69 months), and among these, 18 patients (13 women, 5 men) were further re-evaluated at a second follow-up, 71 months (range 43 -108 months) after treatment. The controls, whom were matched for age, sex, and body mass index (BMI), were evaluated at baseline and then after a mean of 50 months (range 26 -56 months). Prior to operative treatment, none of our patients received medication in order to block steroid synthesis. Patients with Cushing's disease were treated by transsphenoidal microsurgery; of these, four patients with relapse were subsequently subjected to bilateral adrenalectomy and were substituted with cortisone acetate 37.5 mg/day and fludrocortisone 0.1 mg/day. GC substitution was stopped for 24 hours before blood sampling in the patients on this medication. At baseline, none of the male patients had hypogonadism defined as a testosterone/SHBG (sex hormone binding globulin) ratio of less than 25% (mean ratio in the population 55%, normal range ¼ 25 -200%). Six women diagnosed with CS had regular menstruation, three had entered menopause (two were hysterectomized) and fifteen had amenorrhea for a mean of 27 months (range 6 -60 months). None of the patients were substituted with sex hormones, thyroxine or growth hormone (GH). At the second follow-up, one of two men who had developed partial pituitary deficiency was substituted with testosterone and the other with GH. Five women had still regular menstruation, whereas two of eight women who had entered the menopause were substituted with hormone replacement therapy and two with dehydroepiandrosterone (DHEA).
Methods
All patients had clinical and biochemical findings of CS at baseline. The diagnosis was confirmed by an increase in daily urinary cortisol excretion, increase in basal serum cortisol concentrations with lack of physiological diurnal rhythm, lack of urinary and serum cortisol suppression after 2-day dexamethasone suppression test (DST, 0.5 mg £ 4 per day, sampling 2 h after the last tablet), and a low-dose DST (1.0 or 1.5 mg depending on weight at follow-up) according to international standards (35) . For patients with Cushing's disease the diagnosis was confirmed by inappropriately high plasma adrenocorticotropin (ACTH) concentrations and magnetic resonance imaging (MRI) of pituitary gland (eventually followed by sinus petrosus sampling), and for patients with adrenal cortex adenoma, suppressed plasma ACTH and computed tomography (CT) scanning of the adrenal glands.
Following treatment (first and second follow-up), all patients presented with normalized diurnal variation of serum cortisol, in addition to levels of 24-h urine free cortisol within the normal range. DST was considered normal when serum cortisol was suppressed to less than 40 nmol/l. For ten patients at first follow-up and six patients at second follow-up, serum cortisol was . 40 nmol/l at DST. However, none of these patients showed differences in biochemical parameters or bone mass indices (bone mineral density (BMD), bone mineral content (BMC) and area), as compared to patients with DST , 40 nmol/l, nor did they present with any clinical signs of relapse. All patients had normal liver and kidney function, as judged by serum levels of ASAT (aspartat aminotransferase), ALAT (alanin aminotransferase), albumin and creatinine.
Osteodensitometric measurements
BMD (g/cm
2 ), BMC (g) and projected bone area (cm 2 ) were measured in the LS (L2-L4, anterior-posterior projection), the left FN and total body (TB), using DXA (Dual-Energy X-ray Absorptiometry; Lunar DPX-L, software version 4.6c, Lunar Corporation, Madison, WI) (36) . BMD Z-scores are given with reference to normative data provided by the manufacturer. The precision error of LS was about 1%, FN 1.5% and TB 0.5%, independent of the operator (16).
Blood sampling
Blood samples were drawn between 0800 h and 1000 h, after overnight fasting. For collection of serum, blood was drawn into pyrogen-free tubes (Becton Dickinson, San Jose, CA) without additives. The tubes were immediately immersed in ice water, allowed to clot for 2 hours, and centrifuged at 1000 g at 4 C for 10 minutes; serum was stored at 2 808C until analyzed. All samples were thawed three times, and samples from a given individual were run in the same assay to minimize run-to-run variability.
Biochemical markers of bone turn-over
Osteocalcin was measured by immunoradiometric assay (IRMA) with a commercial kit (Incstar Corporation, Stillwater, MI), that measures intact osteocalcin 1-49 . Degradation products of the C-terminal telopeptides of Type-I collagen (CTX-1) were measured with an enzyme immunoassay (EIA) (Crosslaps; Osteometer BioTech A/S, Herlev, Denmark). Serum and free cortisol in 24-h urine was measured by radioimmunoassay (RIA), using commercial kits from Orion Diagnostica, (Espoo, Finland). Cortisol and dehydroepiandrosterone levels were analysed using standard laboratory methods. The intra-and inter-assay coefficients of variation were , 7% for all assays.
Statistical analysis
Statistical analyses were performed by SPSS for Windows (version 12.0; SPSS Inc., Chicago, IL). Wilcoxon signed rank sum test was used to analyze changes in bone mass at different observation times. Mann-Whitney Rank-Sum test was used to compare variables of patients and controls. Relationships between two variables in BMD, BMC and bone area were tested using Spearman's rank correlation test and Pearson's correlation test for bone turnover markers. P , 0.05 was considered statistically significant.
Results
The clinical characteristics and biochemical findings of the study populations at baseline and at regular intervals throughout the observation period are given in Table 1 .
Time-dependent changes in bone mass indices at multiple skeletal sites before and after successful treatment of CS BMD, BMC and bone area were determined in CS patients by DXA at baseline and at two consecutive follow-ups (means 33 and 71 months respectively) Table 1 Clinical characteristics and laboratory data before and after surgical treatment of CS patients, and during longitudinal follow-up in controls. Data are presented as mean^S.E.M. DHEAS, dehydroepiandrosterone. *P , 0.05, **P , 0.001, CS patients vs. controls at baseline. † P , 0.05, † † P , 0.001, CS patients vs. controls at first follow-up. ns, not significant. after surgical treatment, as shown in Fig.1 and Table 2 . At baseline, bone mass (BMD and BMC) was reduced in all compartments of CS patients relative to controls, as was the TB projected area (13%, P¼ 0.01) ( Table 2 ). Already at the first follow-up (Fig. 1) , highly significant improvements were demonstrated at the LS (BMD, 7.9% (P , 0.001); BMC, 17.5% (P ¼ 0.001); area, 3.1% (P ¼ 0.022)) and FN (BMD, 3.5% (P ¼ 0.003); BMC, 5.0% (P ¼ 0.025); area, 2 4.5% (ns)) relative to pretreatment values. Further gain in bone mass indices were observed at the second follow-up (relative to the first follow-up) at the LS (BMD, 10.7% (P ¼ 0.039); BMC, 7.8% (P ¼ 0.001); area, 6.9% (P ¼ 0.003)) and FN (BMD, 4.6% (P ¼ 0.004); BMC, 3.6% (P ¼ 0.001); area, 2 0.2% (ns)). Whereas a trend towards increased BMC (12.6%, (ns)) and bone area (11.8%, (ns)) was observed for TB at first follow-up (relative to baseline), BMD was unaltered (0.9%, (P ¼ 0.16)). By the second follow-up, a highly significant increase was observed in TB BMD (5.1%, (P , 0.001)), with unchanged or only modest alterations in BMC (0.8%, (ns)) and bone area (2 1.8%, (ns)). Thus, increases in BMD were observed at all measured skeletal sites in patients after treatment, however the changes (P , 0.05) appeared earlier at the LS and FN compared to TB, where the improvements reached statistical significance at the second follow-up.
CS Controls
A highly significant positive correlation between the changes in BMD and time after surgical treatment (mean 33 months) was demonstrated in the LS (r ¼ 0.59; P ¼ 0.002) and FN (r ¼ 0.52; P ¼ 0.007), but not in TB (r ¼ 0.27; P ¼ 0.30) (Fig. 2) .
At baseline there was no correlation between serum cortisol 0800 h and osteodensitometric measurements. At the first follow-up we found a negative correlation between serum cortisol 0800 h and BMC at TB (r ¼ 
Patients were evaluated at baseline and at two successive follow-ups, mean 33 and 71 months after surgical treatment respectively. Controls were also followed longitudinally and evaluated at baseline and follow-up, mean 50 months after inclusion. Data are given as median and 25 and 75 percentiles. Cross-sectional data: differences between CS patients and controls at baseline (BL) and first follow-up (FU), respectively, are presented as P values in the last column.
were not significantly different from the normative data of the reference population throughout the study. Biochemical markers of bone turnover: restoration of the bone remodeling process after successful treatment of CS
To determine the rate of bone turnover, we also measured serum levels of osteocalcin (OC), a marker for bone formation, and cross-laps (CTX-1), a marker for bone resorption, both during longitudinal followup in CS patients (Fig. 4) , and in relation to matched controls (Table 1 ). Compared to controls at baseline, serum OC levels were reduced by 26.9% (P ¼ 0.014) in the patients, whereas their serum CTX-1 levels were increased by 35.9% (P ¼ 0.012). At follow-up, levels of OC were markedly elevated (approx. 2-fold) in CS patients compared to controls (P , 0.001), whereas CTX-1 levels were only moderately enhanced (29.1%, P ¼ 0.68). The longitudinal data (Fig. 4) show that serum osteocalcin levels increased markedly in the patients (275%, P , 0.001) at the first follow-up compared to baseline, and were sustained at high levels throughout the observation period. However, serum levels of CTX-1 tended to increase only modestly during the same time period. Notably, while no correlation was found between levels of bone formation and resorption markers before treatment in the patients (r ¼ 0.32, P ¼ 0.19), serum levels of osteocalcin and CTX-1 were significantly correlated both at first (r ¼ 0.92, P , 0.001) and second follow-up (r ¼ 0.90, P , 0.001) after treatment, indicating that coupling between formation and resorption had been restored.
Discussion
The present study, which contains both longitudinal and cross-sectional data is, to our knowledge, the first to demonstrate normalization of bone mineral density in multiple skeletal compartments of patients with endogenous Cushing's syndrome after prolonged recovery time (mean 71 months). Whereas biochemical markers of bone turnover indicated uncoupled remodeling in the state of active disease, coupling seemed to be restored following treatment, leading to a marked increase in bone mass first appreciated in compartments rich in the metabolically active trabecular bone as in the LS, and most recently in the TB skeleton constituting of mainly (80%) cortical bone. Our baseline data demonstrate that patients with active CS displayed marked deficits in bone mass not only at the spine and FN, as generally appreciated (3 -7, 9, 11, 16, 23) , but also in the TB skeleton. The most pronounced bone loss was observed at the LS, consistent with the view that trabecular bone is a principal target for the detrimental effects of excess GC in the skeleton (12) . Our longitudinal data demonstrating improvement in bone mass following treatment of CS extend previous findings by showing that the gain in LS BMD and FN BMD was positively related to follow-up time (r ¼ 0.59 and r ¼ 0.52, respectively). This suggests that bone loss in CS is reversible after successful treatment, and is supported by normalization of BMD Z-scores in both sexes at all measured sites in CS patients with prolonged recovery (mean 71 months). This occurred despite the expected physiological agedependent bone loss, which was relatively modest in the study population (Fig.3) consisting mainly of premenopausal women. However, the time for significant measurable improvement in bone mass differed between the various skeletal compartments, and became significant first in the LS (mainly trabecular bone), then in the FN (less trabecular bone, more cortical bone), and lastly in TB (mainly cortical bone), possibly reflecting that a higher remodeling rate at the spine may have caused an earlier bone recovery than at cortical sites in the appendicular skeleton.
Interestingly, TB projected area was reduced compared to controls at baseline. In the follow-up period bone area increased significantly in the LS (and a similar trend in TB) throughout the observation period most likely reflecting periosteal apposition of new bone, in accordance with the persistent increase in serum levels of the bone formation marker osteocalcin. Decreased bone area has previously been demonstrated in active CS (5, 16) , and altered bone area has also been found in other endocrine disorders (37 -39) . While we are not aware of any earlier reports showing that successful cure of CS affects bone area, treatment with parathyroid hormone was recently shown to increase vertebral cross-sectional area in postmenopausal women with GC-induced osteoporosis (40) . The anabolic effect of parathyroid hormone in their study was explained by increased bone turnover and in particular bone formation, similar to the changes in bone turnover markers observed in our study after correction of excess cortisol levels. However, it is important to consider that investigations by DXA are limited by its twodimensional acquisition plane (of a 3 dimensional structure) for determining structure and geometric parameters, and that a threshold effect on edge determination due to changes in body composition can not be ruled out. Moreover, in relation to BMD measurements and Z-scores patients with CS are especially prone to vertebral fractures, most often manifested clinically as back pain or loss of height due to compression of the vertebrae, DXA measurements may record inappropriately high BMD values in the spine.
While not all the patients fulfilled strict criteria for cure according to the low dose DST, all patients in the present study were without clinical symptoms of active disease at follow-up, with normal diurnal variation in serum cortisol levels and normal urinary excretion of free cortisol. Moreover, biochemical parameters (Table 1) and bone mass indices (BMD, BMC, area) showed no differences between patients with DST , 40 nmol/l as compared to those with DST . 40 nmol/l. Interestingly however, indices of bone mass and turn-over were not correlated to cortisol levels at baseline, whereas negative correlations were demonstrated after treatment for various indices of bone mass and osteocalcin. The limited size of the study population did not allow for stratification of eugonadal and hypogonadal patients. However, we did not find evidence for a high bone-turnover state in CS patients as seen in patients with postmenopausal osteoporosis caused by estrogen deficiency. On the contrary, we observed a low bone turnover state and indications of un-coupling of the remodeling process in patients with active CS. Thus, the principal mediator of bone loss in active CS is likely to be excess GC and not hypogonadism. This is in accordance with observations in an experimental mouse model in which Table 2 ). excess GC seems to override the effect of sex-steroids on the skeleton (20) . Moreover, we did not find evidence for anabolic skeletal effects of the androgen DHEAS in our CS population, as was suggested by a recent study in adrenal vs. pituitary CS (8), because DHEAS levels did not correlate (data not shown) with measured bone mass parameters in our study. However, these results must be interpreted with caution as we were not able to match controls and patients according to gonadal status. Our data further suggest that the observed bone loss in active CS is due to uncoupled bone remodeling and suppressed bone formation. This is in agreement with previous reports that excess GCs cause reduction in bone formation and, to a lesser degree, increased bone resorption, implying a state of low bone turnover (2 -4, 9, 16, 18, 22, 23, 25) . While the importance of suppressed bone formation secondary to reduced osteoblast number and/or activity is considered to be a central component in GC-induced bone loss, reports on effects on bone resorption have been less consistent, as there is evidence for increased (3, 9) , decreased (4, 23), or unchanged (11) bone resorption. The apparent controversy as to the importance of increased bone resorption as an important component of GC-induced bone loss may in part be related to the study population; in contrast to hospitalized patients starting up GC therapy, patients with CS are likely to have manifested disease long (several years) before diagnosis and treatment. Hence, the initial resorptive phase may easily have been missed in the large majority of CS patients when they are diagnosed and selected for clinical studies. Whereas the biochemical markers of bone turnover showed no relationship at baseline, a highly significant correlation between the formative and resorptive serum markers was observed during followup, suggesting a normalization of the coupling process with the balance in favor of increased bone formation after treatment.
In conclusion, this study demonstrates generalized pronounced bone loss in active CS, not only at sites consisting mainly of trabecular bone, but also in predominantly cortical bone compartments. Biochemical markers of bone turnover indicate uncoupling of the remodeling process in active CS and association of reduced bone mass with suppressed bone formation and increased resorption. Our longitudinal data add to previous findings by showing a positive correlation between gain in BMD and follow-up time after cure at the LS and FN respectively. The accompanying changes in bone turnover markers, showing restoration of the coupling process and a marked increase in serum osteocalcin levels, indicate that enhanced bone formation is mainly responsible for improvement of bone mass after correction of excess cortisol levels. Finally, our data demonstrating successive normalization of BMD first Figure 4 Longitudinal changes in serum levels of (A) osteocalcin and (B) CTX-1 at baseline (BL) and first follow-up (1.FU) after surgical treatment in CS patients (n ¼ 25). Correlations (r) between serum levels of osteocalcin and CTX-1 (C) before and (D) after surgical treatment, respectively. Data are given as individual observations.
